Reductive genome evolution is seen in organisms living in close association with each other, such as in endosymbiosis, symbiosis, and parasitism. The reduced genomes of endosymbionts and parasites often exhibit similar features such as high gene densities and A + T compositional bias. Little is known about how the regulation of gene expression has been affected in organisms with highly compacted genomes. We studied gene transcription patterns in "nucleomorph" genomes, which are relic nuclear genomes of algal endosymbionts found in cryptophytes and chlorarachniophytes. We examined nuclear and nucleomorph gene transcription patterns using RNA-Seq transcriptome and genome mapping analyses in representatives of both lineages. In all four examined genomes, the most highly transcribed nucleomorph gene category was found to be plastid-associated genes. Remarkably, only 0.49-3.37% of the nucleomorph genomes of these organisms did not have any mRNA counterpart in our RNA-Seq data sets, and nucleomorph genes show equal or higher levels of transcription than their counterparts in the nuclear genomes. We hypothesize that elevated levels of nucleomorph gene transcription may serve to counteract the degradation or modification of protein function due to the loss of interacting proteins in the nucleomorph and nucleomorph-associated subcellular compartments.
Introduction
Genome size varies enormously across the tree of life. Reduced and compacted genomes are often seen in organisms that have adapted to endosymbiotic, symbiotic, and parasitic lifestyles (Martin and Herrmann 1998; Sasaki et al. 2002; Moore and Archibald 2009; Moran et al. 2009; Corradi et al. 2010; Keeling 2010; McCutcheon and Moran 2012) . Mitochondrial and plastid (chloroplast) genomes, which are derived from alphaproteobacterial and cyanobacterial endosymbionts, respectively, are among the most extreme examples, retaining only~5% of the coding capacities predicted to have been present in their free-living relatives (Martin and Herrmann 1998; Gray et al. 2004; Timmis et al. 2004; ReyesPrieto et al. 2007; Gould et al. 2008) . The smallest known bacterial genomes, which are well under 0.5 megabase pairs (Mbp) in size, are found in endosymbionts living inside the gut of insects (McCutcheon et al. 2009; McCutcheon and Moran 2012) . Microsporidia are important eukaryotic parasites of animals and have the smallest known nuclear genomes, ranging from 2.3 to 24.2 Mbp Corradi et al. 2010) .
One of the main reasons for the reduced genomes seen in endosymbionts and organelles is the loss of genes that are unnecessary for life in an intracellular environment, such as genes associated with motility and cellular defense mechanisms (Martin and Herrmann 1998; Martin et al. 2002; Delmotte et al. 2006; McCutcheon and Moran 2012) . Another important force contributing to genome size reduction is endosymbiont-/organelle-to-host-nucleus gene transfer, which in the case of organelles usually involves coor posttranslational retargeting of the products of transferred genes (Martin et al. 2002; Timmis et al. 2004; Bolte et al. 2009 ). Reductive evolution can also lead to structural changes, such as an increase in gene density and changes in A + T content (Katinka et al. 2001; Keeling and Fast 2002; Sasaki et al. 2002; Kusumi and Tachida 2005; Moran et al. 2008; Moore and Archibald 2009; Smith 2009; McCutcheon and Moran 2012) . These features are found in many reduced genomes of independent origin, such as plastid and mitochondrial genomes as well as those of Buchnera species and malaria parasites, suggesting that they have been subjected to similar reductive pressures (Gardner et al. 2002; Carlton et al. 2008; Moran et al. 2009; Smith 2009 ).
Noncoding genomic regions are the sites of important cisregulatory elements that modulate transcription in both prokaryotes and eukaryotes. Core promoter sequences, which serve to recruit transcription factors, are located immediately upstream of the gene whose expression they influence (e.g., the TATA box and CpG islands of animal and plant genomes). Distally located elements, such as enhancers and insulators, are also common in eukaryotes (e.g., Singer et al. 1990 ). Nevertheless, our understanding of the complexity and regulation of gene expression in genomes that have undergone reductive evolution is very limited. The "nucleomorphs" of cryptophyte and chlorarachniophyte algae represent an interesting system in which to address this issue. Nucleomorphs are relic nuclei derived from algal endosymbionts (CavalierSmith 2002; Archibald 2007; Moore and Archibald 2009 ).
These unusual organelles exist between the second and third plastid membranes in a space called the periplastidial compartment (PPC), which corresponds to the cytosol of the engulfed eukaryotic endosymbiont. At less than 1 Mbp in size, nucleomorph genomes are the smallest known eukaryotic genomes (Silver et al. 2007; Tanifuji et al. 2010) . In other secondary plastid-containing organisms such as diatoms and haptophytes, the endosymbiont-derived nucleus has been completely lost (Reyes-Prieto et al. 2007; Gould et al. 2008; Archibald 2009 ). Cryptophytes and chlorarachniophytes engulfed a red alga and green alga, respectively, and despite the independent origins of the hosts and endosymbionts, their nucleomorph genomes are architecturally quite similar. For example, they are both composed of three linear chromosomes and have subtelomeric rDNA operons (Douglas et al. 2001; Gilson et al. 2006; Lane et al. 2007; Silver et al. 2007; Phipps et al. 2008; Silver et al. 2010; Tanifuji et al. 2010; Tanifuji et al. 2011; Moore et al. 2012) . These similarities represent a remarkable example of convergent reductive genome evolution.
Complete nucleomorph genome sequences have been published for four cryptophytes and one chlorarachniophyte (Douglas et al. 2001; Gilson et al. 2006; Lane et al. 2007; Tanifuji et al. 2011; Moore et al. 2012) . These genomes contain 293-505 protein genes and have been reduced to <10% of the number of protein genes believed to have been present in their closest free-living relatives. Nucleomorph genomes are characterized by a highly compact structure with intergenic spacer lengths of~95-200 bp and a high gene density (0.93-1.21 kbp/gene; Douglas et al. 2001; Gilson et al. 2006; Lane et al. 2007; Tanifuji et al. 2011; Moore et al. 2012) . Nucleomorph genome-encoded proteins are often shorter than their homologs in free-living algae. This suggests that both coding and noncoding regions of nucleomorph genomes have been impacted by genome compaction (Lane et al. 2007) .
Previous comparative genomic studies have classified nucleomorph proteins as belonging to three general categories: conserved eukaryotic "housekeeping" proteins, plastidassociated proteins, and nucleomorph ORFans (nORFans; Tanifuji et al. 2011) . Cryptophyte and chlorarachniophyte nucleomorph genomes share a similar set of conserved eukaryotic proteins, suggesting parallel retention within these two independently evolved lineages of nucleomorphbearing eukaryotes. Although sequenced cryptophyte nucleomorph genomes share the same set of plastid-associated genes (with the exception of the nonphotosynthetic species Cryptomonas paramecium), it is not the same set of plastidassociated genes contained in the nucleomorph genome of the chlorarachniophyte Bigelowiella natans (Douglas et al. 2001; Gilson et al. 2006; Lane et al. 2007; Tanifuji et al. 2011; Moore et al. 2012) . The nORFans are "unique" proteins, most of which show no identifiable sequence similarity to other known proteins, even in other nucleomorph genomes. Interestingly, nORFans often exist in the same position on the chromosome in different species despite having no obvious sequence conservation. Such ORFs are referred to as syntenic nORFans (Lane et al. 2007; Tanifuji et al. 2011; Moore et al. 2012) . Why nORFans persist in nucleomorph genomes is a mystery, and it is not clear whether they are in fact "real" genes.
The nucleomorph genomes of cryptophytes and chlorarachniophytes are unusual in their possession of multigene transcripts. Williams et al. (2005) showed that the majority of nucleomorph gene transcripts contained one or more adjacent genic regions in the 5 0 and/or 3 0 untranslated regions (UTRs). This phenomenon was also found in another reduced genome-containing organism, the microsporidian Antonospora locustae . The existence of multigene transcription in nucleomorphs and microsporidia suggests that transcription regulatory elements are embedded within adjacent protein-coding regions.
To gain insight into the consequences of genome reduction on the regulation of eukaryotic gene expression, we carried out a genome-wide survey of nucleomorph and nuclear gene transcription. We used next-generation transcriptome sequencing to analyze transcription patterns seen in four nucleomorph genomes (three cryptophytes and one chlorarachniophyte) and the recently sequenced nuclear genomes of the cryptophyte Guillardia theta and the chlorarachniophyte B. natans . Remarkably, >95% of the nucleomorph genomes of each examined species are transcribed, including both protein-coding and nonproteincoding regions, and levels of transcription are higher for nucleomorph genes than for their nucleus-encoded homologs in G. theta and B. natans. The elevated levels of transcription observed for nucleomorph genes may be related to the "simplified" biological functions taking place in the PPC due to a reduced set of proteins.
Result and Discussion

Global Nucleomorph Genome Expression Levels
We examined gene expression patterns in four sequenced nucleomorph genomes by mapping RNA-Seq data. All mapping analyses were done twice with biologically independent RNA samples. The results obtained from these two replicates are similar (results presented in the main text correspond to the first replicate, while data from the second replicate are shown as supplementary information [supplementary fig. S1 -S3, Supplementary Material online]). The number of mapped reads for G. theta (Douglas et al. 2001) , Chroomonas mesostigmatica (Moore et al. 2012) , C. paramecium (Tanifuji et al. 2011) , and B. natans (Gilson et al. 2006 ) was 0.57 M, 9.65 M, 4.90 M, and 6.67 M reads, respectively. In terms of breadth of coverage, 99.62%, 99.09%, 99.29%, and 99.50% of the entire nucleomorph genome (including intergenic regions, but excluding rDNA operon repeat regions, tRNAs, and snRNAs) were covered for G. theta, Ch. mesostigmatica, C. paramecium, and B. natans, respectively ( fig. 1 ). Considering data from the first and second replicates, 0.49-3.37% of nucleomorph genomes were covered by RNA-Seq reads. Given that 10-12% of sequenced nucleomorph genomes are nonprotein coding (Douglas et To control for the possibility that the observed high level of RNA coverage is an artifact due to genomic DNA contamination in our RNA preparations, we determined RNASeq coverage levels using the same RNA-Seq data for the nuclear genomes of G. theta and B. natans . The number of mapped RNA-Seq reads for the nuclear genomes were 18.06 M and 47.69 M reads for G. theta and B. natans, respectively, and the proportion of covered sites per genome was only 46.58% and 52.39%, respectively. These results are consistent with the idea that the high RNA-Seq coverage of the nucleomorph genomes is not due to DNA contamination (note that RNA samples were subjected to DNase I digestion; see Materials and Methods). The proportions of read-covered sites in both nuclear genomes were higher than the total coding region of filtered gene models in G. theta and B. natans (35.00% and 32.21%; Curtis et al. [2012] ), presumably because of reads mapped against UTRs and intron retentions, especially in B. natans where many intron retentions were reported by Curtis et al. (2012) .
Using a relatively small data set composed of expressed sequence tags (ESTs) obtained by Sanger sequencing, Williams et al. (2005) showed that a large number of nucleomorph genome-derived transcripts are "multigenic," i.e., contain multiple protein-coding regions. The short read lengths and lack of strand information for our Illumina RNA-Seq data precluded its use in exploring this question further. However, we did observe a similar pattern in a much larger set of Sanger EST data generated as part of the G. theta and B. natans nuclear genome sequencing projects . Multigene transcripts were observed for 86 and 130 loci in the G. theta and B. natans nucleomorph genomes, respectively (data not shown). Taken together, these data suggest that almost all of the nucleomorph genomes are transcribed into mRNA, even the nonprotein-coding regions.
Previous cryptophyte nucleomorph comparative genomics studies revealed the presence of nORFans, i.e., predicted protein-coding regions that show no sequence similarity to any known proteins, even in other nucleomorph genomes (Lane et al. 2007; Tanifuji et al. 2011; Moore et al. 2012) . Interestingly, similarly sized nORFans are often embedded within the same syntenic block on nucleomorph chromosomes in different species (Lane et al. 2007; Tanifuji et al. 2011) . However, it is not clear that nORFans correspond to real protein genes. To address this question, we calculated the mean coverage depth of all nucleomorph genes including nORFans ( fig. 1 ). Mean coverage depths of all genes were found to be 89. 37, 410.57, 1062.55, and 1117.95 , while those of nORFans alone were 44.14, 176.99, 450.87, and 679.60 in G. theta, Ch. mesostigmatica, C. paramecium, and B. natans, respectively. Out of a total of 606 nORFans in the four genomes, only one showed less than 1Â coverage depth (Ch. mesostigmatica orf92 at 0.25Â coverage). All other genes in all four nucleomorph gene categories examined here showed >1Â coverage depth. In addition, 164/167 (98.2%), 156/160 (97.5%), 182/183 (99.5%), and 104/104 (100%) nORFans showed >5Â coverage in G. theta, Ch. mesostigmatica, C. paramecium, and B. natans, respectively. This result suggests 
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If nORFans are real genes, what is their function? The most straightforward possibility is that at least some of them encode proteins currently identified as "missing" in the PPC and nucleomorph compartments. Curtis et al. (2012) predicted a total of 2,401 and 1,002 nucleus-encoded, PPCtargeted proteins for G. theta and B. natans, respectively. From this analysis, incomplete sets of subunits and/or enzymes involved in various biological processes in the PPC were identified (e.g., missing ribosomal subunits, ribosome biogenesis proteins, and spliceosome subunits), even when both nucleomorph-and nucleus-encoded PPC-targeted proteins were taken into account. Given that~65% of the nucleus-encoded, PPC-targeted proteins in G. theta and B. natans were not able to be assigned to a eukaryotic orthologous group (KOG), unknown proteins encoded in both the nuclear and nucleomorph genomes may play an important role in the PPC ). Archibald and Lane (2009) suggested that some of the nORFans could encode membrane-interacting/transmembrane proteins, because nucleomorph genomes are compositionally biased toward A + T (65-75% A + T composition), and some A + T rich codons correspond to basic, hydrophobic, and polar residues (phenylalanine, isoleucine, asparagine, lysine, and tyrosine; Deber et al. 1999; Archibald and Lane 2009). Indeed, 70/196 (35.7%) , 91/177 (51.4%), 88/186 (47.3%), and 24/104 (23.1%) of nORFans in G. theta, Ch. mesostigmatica, C. paramecium, and B. natans were predicted to possess one or more transmembrane domains based on trans-membrane hidden Markov model (TMHMM) prediction (Krogh et al. 2001) , while 48/280 (17.1%), 38/328 (11.6%), 34/263 (13.0%), and 13/179 (7.2%) of non-nORFans including plastid-associated proteins in the G. theta, Ch. mesostigmatica, C. paramecium, and B. natans nucleomorph genomes were predicted to be transmembrane domain-containing proteins. However, this is a difficult hypothesis to test experimentally, and at this point, the functions of the various nucleomorph ORFans remain a mystery.
Comparison of Gene Transcription in Three Nucleomorph Gene Categories
Beyond the nORFans discussed earlier, nucleomorph genes are generally assigned to one of two other functional categories: conserved eukaryotic housekeeping genes and plastidassociated genes (Tanifuji et al. 2011) . Conserved eukaryotic genes have clear homologs with known or predicted function in other eukaryotic organisms and play essential roles in core cellular functions such as translation and transcription. Cryptophyte and chrorarachniophyte nucleomorph genomes share a similar set of conserved eukaryotic genes (Tanifuji et al. 2011) . Plastid-associated genes are homologous to cyanobacterial genes, and their products are presumed to function in the plastid. Although the genes in this category are essential for proper cell function, they constitute <10% of the total genes present in the nucleomorph genomes in both lineages.
We calculated mean transcription levels for genes designated as conserved eukaryotic, plastid-associated, or nORFans for four nucleomorph genomes. As noted by Williams et al. (2005) , inferring gene expression patterns from mRNAderived sequences in reduced and compacted genomes is complicated by the fact that transcripts corresponding to adjacent genes often overlap each other. To control for this, we tested the difference in mean transcription levels before and after removing genes with obvious overlapping transcript regions identified by Williams et al. (2005) in B. natans and G. theta. Our paired t-test result showed no significant difference between the two data sets (P = 0.90 in G. theta and P = 0.22 in B. natans). Presumably, this is because the overlaps between adjacent genes are partial in most cases (~100 bp on average), and the coverage of transcript ends is normally lower than that of internal regions (short fragments [<500 bp] derived from the ends of transcripts would presumably be removed during the library construction step). These results are consistent with the notion that the phenomenon of multigene transcription in nucleomorph genomes does not impact our ability to accurately assess transcription levels on a gene-by-gene basis.
Plastid-associated genes were found to be the most highly transcribed nucleomorph gene category in all examined species ( fig. 2 ). Higher levels of transcription of plastid-associated genes than for nORFans were supported by analysis of variance (ANOVA) in all strains. Guillardia theta and Ch. mesostigmatica showed the highest transcription levels of plastidassociated genes among the three categories. In the case of C. paramecium, although mean plastid-associated gene transcription levels were still the highest, the differences were not significant ( fig. 2 and supplementary fig. S1 , Supplementary Material online). For B. natans, this difference was significant for the first biological replicate ( fig. 2) but not for the second (supplementary fig. S1 , Supplementary Material online). This is perhaps because the small number of plastid-associated genes in C. paramecium and B. natans lead to a reduction in statistical power (only 18 and 16 genes were comparable in C. paramecium and B. natans, respectively).
Although plastid-associated proteins represent only a minor proportion of total nucleomorph genome-encoded proteins in cryptophytes and chlorarachniophytes (3-7%), it is an important category to consider from the perspective of nucleomorph persistence. As discussed by Gilson et al. (2006) , nucleomorph genomes must retain a large number of housekeeping genes to simply express the small but obviously important set of plastid-associated genes. If the small residue of plastid-associated genes were to be lost or transferred to the host nucleus, then the nucleomorphs themselves might altogether disappear, as has already happened in other secondary plastid-bearing algae (e.g., haptophytes). Although it is unclear whether nucleomorph genomes have reached an endpoint or are still undergoing reductive evolution, our data provide strong support for the hypothesis that plastid-associated proteins are an important functional category in nucleomorph genomes. Nevertheless, the plastidassociated gene category contains genes for proteins such as the cell division protein ftsZ, whose expression is known 628 Tanifuji et al. . doi:10.1093/molbev/mst254 MBE to vary during the cell cycle in bacteria and eukaryotes (e.g., Quardokus et al. 1996) . Thus, it seems likely that plastid-associated gene transcription levels vary depending on light and/or cell conditions. More detailed analyses of geneby-gene comparisons would be helpful in elucidating gene regulation mechanisms in nucleomorph genomes.
Another remarkable observation is that all species examined show the same general gene expression pattern, with plastid-associated genes showing the highest level of transcription, conserved eukaryotic genes in the middle, and nORFans as the nucleomorph gene category showing the lowest ( fig. 2) . The fact that the same pattern is seen in both cryptophytes and chlorarachniophytes supports the idea that these endosymbiont-derived genomes have been subjected to similar reductive pressures during the course of endosymbiosis and that the processes underlying the regulation of gene expression has been maintained. If this were not the case, we would expect to see a random pattern or roughly equivalent transcription levels for each gene category.
What might these regulatory processes be? As noted above, transcription of nuclear genomes is influenced by both proximal (e.g., promoters and terminators) and distal (e.g., enhancers) regulatory elements (e.g., Singer et al. 1990 ). The fact that a very small fraction (0.49-3.37%) of the nucleomorph genomes we examined (with the exception of subtelomeric rDNA operons, tRNAs, and snRNAs) are apparently not transcribed supports the hypothesis of Williams et al. (2005) that core control elements overlap with transcripts coming from adjacent genes. On the other hand, the majority of examined multigene transcripts overlap at the 3 0 extension of the mRNA; only two cases of overlap at the 5 0 UTR were identified ). Therefore, it is possible that in nucleomorph genomes core promoter elements exist primarily in the noncoding sites near the 5 0 end of the proteincoding regions, even if these promoters are transcribed as part of adjacent genes. Identifying distal regulatory elements in nucleomorph genomes would be very difficult, and it is possible that these tiny genomes are in fact able to function without them. Because nonprotein-coding regions in nucleomorph genomes are very short (100-200 bp), and because the majority of nucleomorph genes with predictable functions encode housekeeping proteins that are needed throughout the cell cycle, there may be little need for "complex" gene regulation. As a point of comparison, the diplomonad protist Giardia lamblia, a pathogen of animals including humans, possesses a compact genome, similar to nucleomorph genomes (Adam 2001; Morrison et al. 2007; Carranza and Lujan 2010) . In G. lamblia, a very short AT-rich region 30-50 bp upstream of the genes appears to function as a simple promoter, and distal elements have not been reported (Adam 2001; Morrison et al. 2007; Carranza and Lujan 2010) .
Modulating the higher-order structure of chromatin is another known gene expression regulation mechanism. Chemical modifications such as the methylation and acetylation of histone proteins play a role in the transition from "open" to condensed chromatin and back again (e.g., Kouzarides 2007; Berr et al. 2011) . Such changes are known to influence the accessibility of DNA-binding factors to cisregulatory elements on particular chromosomal domains in animals and plants. Cryptophyte and chlorarachniophyte nucleomorph genomes encode histone H3 and H4 proteins as well as histone acetyl transferases (Douglas et al. 2001; Gilson et al. 2006; Lane et al. 2007; Tanifuji et al. 2011; Moore et al 2012) , and nuclear genes encoding PPC-targeted methyl transferase proteins were found in G. theta and B. natans . The existence of such proteins implies that regulation of chromatin condensation somehow plays a role in nucleomorph gene activation/repression. Little is known about the in vivo structure of nucleomorph chromosomes, although the degree of chromatin condensation has been suggested to be minimal, perhaps only to the level of the 30-nm fiber (Douglas et 
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Nucleomorph versus Host Nuclear Gene Transcription
Cryptophytes and chlorarachniophytes present an interesting opportunity to compare and contrast expression patterns of two nuclear genomes within the same cell, one "free-living" and the other the product of endosymbiosis-associated reductive evolution. We explored this issue by comparing transcription levels of nucleomorph and nuclear genes, from a global perspective and on a gene-by-gene basis. In all of the strains examined in this study, a single nucleomorph and nucleus are present in each cell; therefore, it is possible to compare gene transcription levels between nucleomorph and nuclear genes directly without having to account for differences in ploidy. The mean coverage depths of nucleomorph genes were found to be higher than that of nuclear genes. The mean coverage depths of nuclear and nucleomorph genes were 34.24 and 89.37 in G. theta and 77.78 and 1117.95 in B. natans ( fig. 3A and B) . The median depth of coverage for nuclear and nucleomorph genes was 8.89 and 46.64 for G. theta and 14.29 and 804.66 for B. natans.
It is possible that these observations are biased by the fact that the G. theta and B. natans nuclear genomes presumably contain many genes transcribed at very low levels, such as cell cycle-dependent genes and particular stress response genes, whereas >40% of nucleomorph genes are housekeeping genes that are presumably expressed more broadly. Indeed, 3,746 and 549 of >20,000 predicted nuclear genes in G. theta and B. natans, respectively, did not have any RNA-Seq read counterpart in this study, despite the fact that half of the nuclear genes show obvious sequence similarity to known genes (data not shown). Curtis et al. (2012) determined that <15% of the predicted nuclear genes in G. theta and B. natans showed no evidence of transcription.
To control for such biases, we reanalyzed the data using only homologs found in both nucleomorph and nuclear genomes. Tanifuji et al. (2011) showed that 98 nucleomorph genes are shared between cryptophyte and chlorarachniophyte nucleomorph genomes. Seventy-six conserved, singlecopy genes were selected from the original set of 98 genes and their coverage depths were compared to their nuclear counterparts ( fig. 3C and D, supplementary fig. S2C and S2D, Supplementary Material online). The first biological replicate of G. theta RNA showed similar levels of transcription between nucleomorph and nuclear homologs, and no significant difference in a paired t-test ( fig. 3C ), whereas analysis of the second replicate showed significantly higher transcription for the nucleomorph genes (supplementary fig. S2C , Supplementary Material online). In the case of B. natans, mean nucleomorph gene transcription was significantly higher than nuclear gene transcription in both biological replicates ( fig. 3D and supplementary fig. S2D , Supplementary Material online), based on paired t-tests. If transcription levels are higher in nucleomorph genomes compared with nuclear genomes, one might expect to see differences in RNA polymerase gene expression as well. Indeed, comparison of 11 evolutionarily conserved RNA polymerase subunit genes showed significantly higher gene transcription levels of nucleomorph homologs in both G. theta and B. natans compared with their nuclear counterparts ( fig. 3E and F) .
It is conceivable that because our RNA samples were purified by poly-A selection, the results of our gene transcription analyses might be biased due to additional annealing of the oligo-dT probe to A + T-rich nucleomorph gene transcripts. Nucleomorph genomes are~75% A + T, whereas the G. theta and B. natans nuclear genomes are 47% and 55% A + T, respectively (Douglas et al. 2001; Gilson et al. 2006; Curtis et al. 2012) . To address this possibility, quantitative PCR was carried out on a set of three nucleomorph genes for both G. theta and B. natans with no poly-A purification. In these experiments, the nucleomorph homologs were still found to be transcribed at a higher level than their nuclear homologs (supplementary fig. S4, Supplementary Material online) . This suggests that the higher levels of nucleomorph gene transcription seen in our RNA-Seq-based analyses are not an artifact of base composition differences between the nucleomorph and nuclear genomes. Collectively, our results show that nucleomorph genes are transcribed to an equal if not higher level than their nuclear counterparts, indicating that gene transcription levels have been maintained and potentially even increased during the course of nucleomorph genome compaction, which took place independently in cryptophytes and chlorarachniophytes.
Why are nucleomorph genes so highly transcribed? Nucleomorph-derived transcripts are translated in the PPC, a subcellular compartment derived from the cytosol of the endosymbiont, and the majority of nucleomorph genes are involved in basic biological functions such as transcription and translation. Thus, if the specific functions of each PPC protein molecule/protein complex were the same as their cytosolic counterpart, then the PPC should not need the same amount of each protein homolog as the host cytosol to maintain its function, because 1) the volume of the PPC is substantially smaller than that of the host cytosol (Hibberd and Norris 1984; Ota et al. 2007 ) and 2) the number of protein genes in nucleomorph genomes is fewer than that of nuclear genes (~500 in nucleomorph genomes and >20,000 in nuclear genomes [Moore and Archibald 2009; Curtis et al. 2012] ). Moreover, from the perspective of translation, it is important to note that ribosomal protein genes in the nucleomorph genomes of G. theta and B. natans appear to be transcribed equally or even more so than their counterparts in the nuclear genome, as is the case for many other genes ( fig. 3) . Therefore, if the processes of transcription, splicing, translation from mRNA to protein, and ribosome assembly are approximately equally "efficient" in the cytosol and PPC, ribosome density in the PPC should be higher because of its much smaller volume compared with the cytosol. However, under transmission electron microscopy, ribosomes appear to be present at a similar or perhaps even lower density in the PPC than in the host cytosol, suggesting that (as one would expect) the actual number of ribosomes is much higher in the more spacious cytosol than in the PPC (Hibberd and Norris 1984; Ota et al. 2007 ). Collectively, these observations suggest that in the PPC the efficiency of the pathway from mRNA to protein synthesis is lower than in the cytosol. Given these considerations, it is worth considering the possible biological significance of the observed high gene transcription levels in nucleomorph genomes.
One hypothesis is that a "high" level of nucleomorph mRNA synthesis somehow compensates for a reduced or modified efficiency of proteins/protein complexes functioning in the PPC. This compensation could involve changes at the level of RNA processing/degradation and/or the actual functions of newly synthesized proteins and protein complexes. In B. natans, 17 of 79 genes encoding ribosomal protein subunits are apparently absent from the PPC, taking into account both nucleomorph-and nucleusencoded PPC-targeted proteins . Although G. theta has a near complete set of PPC ribosomal protein subunits, several components of its translation machinery are nevertheless missing. This suggests that, in both chlorarachniophytes and cryptophytes, the PPC translation apparatus functions with a reduced set of proteins compared with "typical" eukaryotic cells. Moreover, in G. theta, several genes for proteins involved in chromatin maintenance and DNA synthesis, including smc and rfc3 genes, are missing and have no obvious replacement, whereas other cryptophytes still have genes that encode them in their nucleomorph genomes . Thus, biological functions in the PPC appear to be carried out by a smaller gene set. Although it is an open question how such functions are maintained with fewer proteins, the loss of genes/proteins from a particular protein complex (e.g., the ribosome) might be compensated for by a change in the balance between mRNA synthesis and translation efficiency for the interacting protein genes that remain. The total number of predicted PPC proteins including nucleomorph and nuclear genes is 2,888 and 1,295 in G. theta and B. natans, respectively. The lower number of total PPC proteins and higher gene transcription levels in B. natans ( fig. 3 ) is consistent with this hypothesis. As mentioned above, nORFans might account for some of the missing PPC proteins in PPC, but this would not preclude the idea of increased gene transcription levels playing a compensatory role in the maintenance of PPC-localized functions.
The possibility that cryptophyte and chlorarachniophyte PPC proteins and protein complexes are operating at "reduced efficiency" is further supported by consideration of splicing efficiency. We found examples of unspliced transcripts corresponding to 850 of the 852 introns present in the nucleomorph genome of B. natans. In addition, 53% of the RNA-Seq reads matching intron-containing regions were unspliced in B. natans. Using RT-PCR, we amplified and sequenced ten clones from an intron-containing region for three genes (prp16, intron 5; rpl3, intron 3; and rpc1, intron 15) using cDNA produced by random priming (i.e., not polydT priming). Of the ten clones sequenced for each gene, we found that 3, 1, and 7 clones contained unspliced introns for the prp16, rpl3, and rpc1 genes, respectively. Similar results were obtained using cDNA generated using oligo dT primers (2, 0, and 9 unspliced introns for prp16, rpl3, and rpc1, respectively). Therefore, the high levels of immature nucleomorph-derived transcripts seen in B. natans do not appear to be an artifact of poly-A purification. Interestingly, Curtis et al. (2012) found an intron retention rate of 22% in the nuclear genome of B. natans, higher than in most other eukaryotes. This appears to be at least in part related to alternative splicing. Remarkably, intron retention in B. natans nucleomorph transcription is higher still.
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The nucleomorph genome of B. natans contains numerous tiny (18-21 nt) introns, many more than in cryptophyte nucleomorph genomes (Gilson et al. 2006) . This difference is matched by a larger number of splicing machinery-related genes in the B. natans nucleomorph compared with G. theta, although several spliceosome components are apparently still missing in the B. natans nucleomorph compared with most other eukaryotes, even taking into account both nucleomorph-and nucleus-encoded proteins . Such observations are thus consistent with the hypothesis that low-efficiency splicing is due at least in part to missing spliceosome components. Abundant mRNA in the B. natans PPC might be due to accumulation of immature mRNA because of low-efficiency splicing.
Recently, Grisdale et al. (2013) reported low-efficiency splicing in the microsporidian parasite Encephalitozoon cuniculi. Less than 50% of the reads matching 30 of 37 E. cuniculi introns were correctly spliced, while 80% and 95% of transcripts are spliced in Saccharomyces cerevisiae and Candida albicans, respectively. Interestingly, E. cunicli possesses a reduced genome and lacks several spliceosomal components (Katinka et al. 2001) , as is the case in B. natans. These results are suggestive of a relationship between reductive genome evolution and reduced splicing efficiency.
An additional point worth considering is nonsensemediated mRNA decay (NMD). The NMD pathway serves as a quality control mechanism that degrades aberrantly spliced mRNA in diverse eukaryotes (Chang et al. 2007 ). The main NMD protein factors, UPF1, UPF2, and UPF3, are recruited to exon-exon junction complexes on mRNA molecules and selectively eliminate mRNA transcripts containing premature stop codons. Interestingly, nucleomorph-or nucleus-encoded, PPC-localized UPF proteins were not found in G. theta and B. natans , consistent with the notion that an NMD pathway is not operating in the PPC. Absence of NMD would presumably lead to accumulation of "incompletely processed" mRNAs, and it is possible that this is compensated for by increasing transcription levels to ensure that enough accurately spliced mRNA exists to synthesize sufficient protein. However, this explanation does not work for both cryptophytes and chlorarachniophytes because G. theta and other cryptophyte nucleomorph genomes contain very few spliceosomal introns (0-24 introns; [Douglas et al. 2001; Gilson et al. 2006; Lane et al. 2007; Tanifuji et al. 2011; Moore et al. 2012] ). Interestingly, an incomplete set of NMD proteins was found encoded in the genome of the parasite G. lamblia, which the authors claim might be related to an abundance of abnormal mRNAs in this organism (Chen et al. 2008) .
In any case, if the hypothesis of "low-efficiency" mRNA processing in the PPC is correct, one would predict that nucleus-encoded, PPC-targeted proteins would not need to be highly transcribed because they are synthesized in the host cytosol and imported to the PPC posttranslationally (Bolte et al. 2009; Hirakawa et al. 2009 ). Interestingly, the average transcription levels of nucleus-encoded, PPC-targeted proteins were not higher than for nuclear genes encoding cytosolic proteins in B. natans and G. theta and were in fact lower ( fig. 4 and supplementary fig. S3 , Supplementary Material online). Statistical analyses could not be accurately carried out due to the large difference in the number of genes for cytosolic versus PPC proteins. At present it is thus not known whether the high amount of mRNA in the PPC truly reflects high levels of translated protein, accumulated mRNA due to diminished mRNA processing functions, or both.
Conclusion
Our analyses of nuclear and nucleomorph gene transcription in cryptophytes and chlorarachniophytes indicate that 1) all nucleomorph protein genes, including those with no discernable functions (nORFans), are transcribed, 2) nucleomorph gene transcription levels vary in a consistent fashion from species to species depending upon their predicted function (when known), and 3) global mRNA synthesis levels are equal or higher for nucleomorph genes than for nuclear homologs. The first observation speaks to the importance of future functional analyses aimed at better understanding nORFan genes in reduced genomes. The second result suggests that regulation of nucleomorph transcription has been maintained despite the intense reductive evolution that gave rise to nucleomorph genomes in modern-day cryptophytes and chlorarachniophytes. From the third result and other indirect evidence, we hypothesize that a high level of nucleomorph mRNA synthesis complements an inherent inefficiency of proteins and protein complexes in the PPC. Curtis et al. (2012) showed that nucleomorph-to-host-nucleus gene transfer appears to be very rare in G. theta and B. natans, an observation that explains the persistence of nucleomorphs in cryptophytes and chlorarachniophytes. Nevertheless, nucleomorph genomes still occasionally lose genes, as examples of recent nucleomorph gene losses in the apparent absence of functional replacement have been described (Tanifuji et al. 2011; Curtis et al. 2012; Moore et al. 2012) . How are the functions of these missing genes compensated? Detailed functional analyses will be necessary to explore possible answers to this question. 
Materials and Methods
Cell Culture and Sequencing
Two biologically independent RNA-Seq data sets were used for each of four species (G. theta, Ch. mesostigmatica, C. paramecium, and B. natans). For G. theta and C. paramecium, the first (#1) and second (#2) biological replicates were derived from cell cultures grown independently in H2 and Chilomonas medium, respectively, for 5 days before RNA extraction. For the first replicate of Ch. mesostigmatica and the first replicate of B. natans, cells were grown in f/2-Si media for a month. All cultures were grown under a 12 h:12 h light:dark cycle at room temperature. Total RNA extractions were done using TRizol (Invitrogen), followed by DNase I (New England BioLabs, Inc.) digestion at 37 C for 30 min, and purified again using the RNeasy Mini Kit (Qiagen). Approximately 5 mg of RNA was sent to the Génome Québec Innovation Centre (Montréal, Québec, Canada) and/or the National Center for Genome Resources (Santa Fe, NM) for Illumina TruSeq RNA library construction and sequencing using an Illumina HiSeq 2000 sequencer. For Ch. mesostigmatica and B. natans, the second replicates corresponded to those described by Moore et al. (2012) and Curtis et al. (2012) . For the first batches of data from G. theta, B. natans, Ch. Mesostigmatica, and C. paramecium, 182.7 million (M), 30.79 M, 33.70 M, and 10.13 M paired-end reads were obtained, and for the second batches, 21.08 M, 11.37 M, 11.89 M, and 22.3 M paired-end reads were generated, respectively. Only the first 11.5 M paired-end reads were used for the first batch of G. theta so that the data set sizes were similar for all four organisms. The GenBank deposition number for G. theta #1 RNA-Seq data is SRR747855. RNA-Seq data for other data sets have been deposited in the community cyberinfrastructure for advanced microbial ecology research and analysis (CAMERA) database (Sun et al. [2011] ; http://camera.calit2.net, last accessed December 20, 2013] ) under the following project IDs: MMETSP0046_2 (G. theta, #2), MMETSP0045_2 (B. natans, #1), MMETSP0045 (B. natans, #2), MMETSP0047_2 (Ch. mesostigmatica, #1), MMESP0047 (Ch. mesostigmatica, #2), MMETSP0038 (C. paramecium, #1), and MMETSP0038_2 (C. paramecium, #2).
Mapping Analysis RNA-Seq reads from five data sets whose read lengths were 100 bases (G. theta #1 and #2, B. natans #2, Ch. mesostigmatica #2, and C. paramecium #1) were trimmed to include only the first 85 nucleotides using the Fastx-toolkit (version 0.0.13, http://hannonlab.cshl.edu/fastx_toolkit/index.html, last accessed December 20, 2013). Mean quality scores at nucleotide position 85 were above 18 in all five data sets. For the other three data sets whose read lengths are 50 bases long (B. natans #1, Ch. mesostigmatica #1, and C. paramecium #2), mean quality scores were above 28 in all three data sets. These data sets were mapped on to reference genome sequences using the Burrows-Wheeler Aligner (BWA, version 0.5.9; . Accession numbers of the reference genome sequences used in this study are as follows. G. theta nucleomorph: AF165818.4, AJ010592.2, AF083031.2; G. theta nucleus: AEIE00000000; Ch. mesostigmatica nucleomorph: CP003680.1, CP003681.1, CP003682.1; C. paramecium nucleomorph: CP002172.1, CP002173.1, CP002174.1; B. natans nucleomorph: DQ158856.1, DQ158857.1, DQ158858.1; B. natans nucleus: ADNK00000000. In the case of nuclear gene transcription analyses for G. theta and B. natans, filtered gene models were also used as reference transcript sequences instead of genome sequences to avoid problems with transcript mapping to exon-exon boundaries (http://genome.jgi-psf.org/Guith1/Guith1.home.html, http:// genome.jgi-psf.org/Bigna1/Bigna1.home.html, last accessed December 20, 2013). Mapping results were visualized using the Integrated Genomics Viewer (IGV, version 2.1; Robinson et al. 2011) . Output sequence alignment map (SAM) files were converted to "pile-up" files using SAMtools (version 0.1.16; , and after deducing the number of deletions (due to the deletion sites also being counted in pile-up), the depth of RNA-Seq coverage at each nucleotide position was calculated. The nucleomorph gene annotation files were obtained from NCBI in GenBank format and were converted into gff format using Artemis release 11.22 (Rutherford et al. 2000) . The annotation files for nuclear genes were obtained from the Joint Genome Institute web site (http://genome.jgi-psf.org/Guith1/Guith1.home.html, http:// genome.jgi-psf.org/Bigna1/Bigna1.home.html, last accessed December 20, 2013). Using gene (exon) coordinates indicated in the nucleomorph genome annotation files and pile-up files, depth of coverage for each gene was calculated by summing up the coverage at each nucleotide position of exon regions in a corresponding gene and normalizing by the total exon length of the gene (bp). Depth of coverage for each intron was calculated by summing up the coverage at each nucleotide position of an intron site and normalizing by each intron length (bp). The coverage of each nuclear transcript was calculated by summing up the coverage at each nucleotide position of a reference sequence and normalizing by the length of the reference sequence (bp). Ribosomal DNA operon-containing regions and multicopy genes, as well as tRNAs and snRNAs on nucleomorph chromosomes, were removed before analysis. For identification of homologous gene sets in nuclear and nucleomorph genomes of G. theta and B. natans, 93 nucleomorph genes were selected from 98 core nucleomorph genes (genes shared among three cryptophytes and B. natans nucleomorphs, described by Tanifuji et al. [2011] ) by filtering out multicopy genes. To take only well-conserved homologs from nuclear genomes, the 93 selected G. theta and B. natans nucleomorph genes were subjected to reciprocal BlastP (ver. 2.2.25 + ) against the G. theta and B. natans nuclear protein database obtained from the Joint Genome Institute website, with a 0.0001 e-value cutoff. Seventy-six homologous gene sets in the nuclear and nucleomorph genomes of G. theta and B. natans were used for analyses. Gene/protein classifications used by Tanifuji et al. (2011) , Curtis et al. (2012) , and Moore et al. (2012) were used in this study. All the statistical tests including t-tests, paired t-tests, ANOVA, and multiple comparison (Tukey) tests were performed using R version 2.15.1 software (R Development Core Team 2011).
